[1] Recent and long-term accumulation rates of carbon (C), using 210 Pb-and 14 C-dating, were examined in 23 ombrotrophic peatlands in eastern Canada, where average 1990-1996 atmospheric wet nitrogen (N) deposition ranged from 0.3 to 0.8 g N m À2 yr À1 . The average recent rate of C accumulation (RERCA) over the past 150 years was 73 ± 17 (SD) g C m À2 yr À1 , ranging from 40 to 117 g C m À2 yr
C-dating, were examined in 23 ombrotrophic peatlands in eastern Canada, where average 1990-1996 atmospheric wet nitrogen (N) deposition ranged from 0.3 to 0.8 g N m À2 yr À1 . The average recent rate of C accumulation (RERCA) over the past 150 years was 73 ± 17 (SD) g C m À2 yr À1 , ranging from 40 to 117 g C m À2 yr
À1
. The difference in RERCA between hummocks (78 g C m À2 yr À1 ) and hollows (65 g C m À2 yr À1 ) was significant. Increased RERCA over the past 50 years was found in hummocks and hollows in regions of higher N deposition and related to both elevated N deposition and growing degree-days above +5°C. There was a statistically significant positive relationship between N deposition alone and present-day C accumulation in both hummocks and hollows (R 2 = 0.28 and 0.38, respectively). Recent N accumulation was significantly larger in high N deposition regions. The total average aboveground vegetation biomass of hollows and hummocks did not differ significantly with N deposition. However, a significantly larger vascular plant leaf biomass was found in both hollows and hummocks of the high N deposition class than in the low N deposition class (>0.6 and <0.4 g m À2 yr
, respectively). The average long-term apparent rate of C accumulation (LORCA) at 15 sites was 19 ± 8 (SD) g C m À2 yr
, with no significant difference due to age of peat inception, latitude, or continentality.
Introduction
[2] Global concern over rising atmospheric CO 2 concentration has led to attempts to ascertain the role of terrestrial ecosystems in the global carbon (C) cycle. Forests and peatlands in the Northern Hemisphere have been identified as potentially large sinks for organic C [Tans et al., 1990; Gorham, 1991; Kauppi et al., 1992; Houghton, 1993] . On a global scale, the occurrence of peatlands is strongly related to topography and climate, with the greatest abundance found on flat land areas of cool and moist climates, such as western Siberia, Russia, and the Hudson Bay Lowlands of Canada [Sjörs, 1959; Botch et al., 1995] .
Organic peat deposits are characterized by C contents of approximately 50% of dry matter [Gorham, 1991; Turunen et al., 2001 Turunen et al., , 2002 . Therefore the abundance of peat signals a significant net transfer of C from the atmosphere to soils.
[3] Gorham [1991] has estimated the total area of boreal and subarctic peatlands to be 346 million ha and that 200 to 455 Pg C has accumulated during the Holocene [Gorham, 1990 [Gorham, , 1991 with an update of 270 to 370 Pg C [Turunen et al., 2002] . Despite the uncertainties in the storage estimates, peatlands are a substantial reservoir of C in the boreal and subarctic regions, constituting at least one fifth of the total soil C pool in the world [Post et al., 1982] , and being approximately half the amount of CO 2 -C in the atmosphere [Houghton et al., 1990] .
[4] Peatlands generally accumulate C because the rate of biomass production is greater than the rate of decomposition. The average long-term apparent rate of carbon accumulation (LORCA) for boreal and subarctic regions throughout the Holocene is estimated at 15 to 30 g C m À2 yr À1 [Gorham, 1990 [Gorham, , 1991 Vitt et al., 2000; Turunen et al., 2001 Turunen et al., , 2002 . Eddy covariance and hydrological measurements at the Mer Bleue peatland, near Ottawa, Canada, indicate an annual sink of approximately 60 g C m À2 for the last 3 years [Lafleur et al., 2001 ]: a rate 3 times greater than the long-term accumulation inferred from peat cores in the same peatland (P. J. H. Richard, unpublished data, 2004 ).
[5] There are a number of reasons why current Mer Bleue C accumulation rates may be higher: Climate variability, nitrogen deposition, and response to elevated CO 2 . CO 2 response should be universal and not isolated to eastern Canada. Recent studies have indicated that while plant C allocation changes in response to elevated CO 2 , there is no significant increase in overall peatland net primary production [Berendse et al., 2001] . Long-term climate variability likely alters C accumulation on a decadal scale but is also spatially extensive, for example, climate variability associated with the North Atlantic/Arctic Oscillation affects most of northeastern North America. However, nitrogen (N) deposition varies across eastern North America and may affect C accumulation through effects on plant productivity and rates of organic matter decomposition. Mer Bleue is located in a region of some of the highest N deposition in eastern North America ($0.8 g N m À2 yr
À1
), while the Maritimes receive moderate levels of N deposition and the lowest rates are observed in northwestern Ontario ($0.3 g N m À2 yr
).
[6] The specific objective of the research was to investigate the recent (RERCA) and long-term (LORCA) rates of carbon accumulation of 23 ombrotrophic bogs in eastern Canada and to test for relationships of these rates with N deposition and other environmental variables. Also, the recent rates of nitrogen accumulation (RERNA) were investigated.
Materials and Methods

Study Area and Sampling
[7] Twenty-three ombrotrophic bogs were selected ( Figure 1 , Table 1 ) based on the work of Gorham et al. [1985] , Damman and Dowhan [1981] , Glaser and Janssens [1986] , and Damman [1988] . All peatlands were characterized by an open canopy of Picea mariana (approximately treeless), with Chamaedaphne calyculata, Ledum groenlandicum, Kalmia angustifolia, Kalmia polifolia, Vaccinium uliginosum, Vaccinium myrtilloides, Vaccinium oxycoccos, Andromeda polifolia, and scattered Eriophorum spissum. In coastal regions, the shrub cover was less dominant compared to more continental areas. However, the same species were found in all sampled bogs. A few Pinus banksiana and Larix laricina were found as a mixture with Picea mariana in several peatlands of Ontario and Québec. Hummocks were dominated by Sphagnum fuscum, with scattered S. magellanicum, S. capillifolium, Polytrichum spp., Cladina spp., Empetrum nigrum, and Sarracenia purpurea, and hollows by S. rubellum and S. angustifolium. In coastal regions, S. flavicomans was commonly found in the sampled hummocks as a mixture with S. fuscum. Scattered Juniperus communis was also found in the hummocks of peatlands near the Atlantic Ocean.
[8] The RERCA and RERNA were measured at all 23 bogs by collecting three short cores (50 cm) using a box sampler (85 Â 85 Â 1000 mm), two from hummock sites and one from a hollow site. Each short core was double-wrapped in polythene bags, and stored at À4°C. Additional peat samples were collected down to 80 cm for each core in case they were needed for further analysis. The LORCA was measured at 15 bogs (Table 2) . Complete peat profiles with contiguous 10-cm intervals were collected from hummock sites for dry bulk density measurements with the box sampler and a Russian pattern side-cutting peat sampler (50 Â 500 mm). The degree of decomposition was estimated in the field with von Post's [1922] 10-grade scale (H 1 -10 ). Basal peat samples from the coring sites were taken for 14 C dating. The aboveground vegetation was collected from 0.25 m 2 plots at two or more hummock sites and one hollow site at 13 bogs ( Figure 1 ).
Laboratory Analyses
[9] The peat samples were dried to a constant mass at 70°C and weighed and the dry bulk density calculated by dividing the dry mass by the fresh volume. The C and N concentrations of peat were analyzed using a Elementar vario EL analyzer at University of Bayreuth, Germany [Tabatabai and Bremer, 1990] . The cumulative dry mass of peat on an areal basis (g m
À2
) was calculated as layer thickness weighted averages from the dry bulk density profile and converted into C and N, based on C and N concentration analyses for surface cores (max top 80 cm) and 51.7% of C for long cores [Gorham, 1991] . The accumulated mass of C and N above the oldest 210 Pb-datable horizon was divided by the age of this horizon to give the RERCA (g C m À2 yr
À1
) and RERNA (g N m À2 yr
). The LORCA was determined similarly, but using the C mass above the peat-mineral contact, and the age of the basal peat sample. The Mer Bleue Bog was the exception, in that the basal 70 cm of the limnic peat was excluded from the LORCA analysis, and the pond-fen transition zone (500 cm) was used as a basal peat depth.
[10] Ten samples of 1 cm thickness were taken from each peat core at 5-cm intervals and submitted to Flett Research Ltd., Winnipeg, Canada for 210 Pb dating. Similarly, extra samples from 50 to 80 cm, especially from hummock sites, were also analyzed if the unsupported 210 Pb activity was much greater than the supported 210 Pb activity (i.e., measured activity had not reached the low natural 210 Pb background activity). The theory of 210 Pb-dating (t 1/2 = 22.3 years) assumes that 210 Pb concentrations in peat decrease exponentially with depth, approaching a low constant value taken to represent the supported 210 Pb fraction formed within soil as opposed to that deposited from the atmosphere [e.g., Turetsky et al., 2000] . A dry 0.5-g subsample from each peat layer was analyzed for 210 Pb activity (as estimated by the alpha emitting 210 Po granddaughter), after spiking with a 209 Po yield tracer. The constant rate of supply (CRS) model of Appleby and Oldfield [1978] was applied to calculate the ages of peat layers. The C accumulation of the last 50 years was used as (47) 235 (14) 987 (70) 0.79 (0.02) a Class 1: <0.4; class 2: 0.4 -0.6; class 3: >0.6 g N m À2 yr À1 . For effective temperature sum, a +5°C threshold is used, dd is degree-days. Standard deviation (SD) in parentheses. NS, Nova Scotia; P.E.I., Prince Edward Island; NB, New Brunswick; Qc, Québec; Ont, Ontario. the basis mass for C loss comparison because 210 Pb-dating has proven most reliable for peat deposits in the range of 50 -200 years [Malmer and Holm, 1984] .
[11] Basal peat samples were 14 C dated at the Beta Analytical Dating Laboratory, Florida, and University of Toronto, Ontario, Canada. All results were corrected for isotopic fractionation based on the 13 C-values (Table 2) and radiocarbon ages were converted to calendar years using CALIB 3.0.3 [Stuiver and Reimer, 1993] . All ages used in this article are calendar years (cal. BP).
[12] Aboveground biomass was separated into vascular leaves and stems and Sphagnum capitulum, dried to a constant mass at 70°C and weighed [Moore et al., 2002] .
[13] The climate data (Table 1) were derived from the Canadian Climate Normals (Meteorological Service of Canada, http://www.msc-smc.ec.gc.ca/climate/climate_normals/ index_e.cfm), using the station nearest each bog. The wet N deposition (N-NH 4 + N-NO 3 ) was calculated using the 7-year mean (1990) (1991) (1992) (1993) (1994) (1995) (1996) for eastern North America [Vet et al., 1999] , using the station nearest each bog. The bogs were allocated to three N deposition classes: class 1: <0.4, class 2: 0.4 -0.6, class 3: >0.6 g N m À2 yr À1 (Table 1) . [14] SPSS for Windows 10.0 statistical software was used to analyze the relationships between variables. The normal distribution and homogeneity of variances were tested using the Kolmogorov-Smirnov and Levene statistical tests.
Stepwise, ordinary least squares multiple regression was used to examine which characteristics of the sites (Table 1) were related to the rates of C accumulation. Pearson's correlation coefficient r was used for correlation analysis. To compare differences in the C accumulation and in biomass of hollows and hummocks between study sites along the atmospheric N deposition gradient, analysis of variance (ANOVA) was conducted.
Results
210 Pb Concentrations
[15] Mean total residual unsupported (i.e., Pb deposited by atmospheric processes as opposed to Pb incorporated into the biomass) 210 Pb activity in the surface cores was 0.35 ± 0.11 Bq cm À2 (counting time 500 min), with larger mean values in hummocks (0.38 Bq cm À2 ) than hollows (0.30 Bq cm À2 ). The geographic pattern of unsupported 210 Pb burden in peat was similar to that of industrial N deposition. In N deposition classes 1, 2, and 3, the average unsupported Pb-dating worked well in all 23 hollows but difficulties arose in some hummocks in the high N-deposition class. These hummocks were characterized by a large shrub biomass and weakly decomposed, loose Sphagnum fuscum. Eight hummocks were subsequently excluded because data inconsistencies in 210 Pb-activity throughout the peat columns made it unreliable to construct 210 Pb-based chronologies for these cores.
Short-Term C Accumulation
[16] The RERCA over the past 150 years revealed considerable variation among different peatlands, ranging from 40 to 117 g C m À2 yr À1 (Table 3) . Results from site # 19 were excluded from the analysis as outliers (Table 3) . The average dry bulk density and C concentration among hummocks (42 g dm À3 , 46%) and hollows (51 g dm À3 , 46%) were similar. RERCA was significantly larger in hummocks than in hollows over the past 150 years. Also, the variation in RERCA and cumulative C mass within hummocks was much less than within hollows (Table 3, Figure 2 ). Generally, the average net accumulation rate of C decreased with time both in hollows and hummocks because of decay, even though some variation was found among peatlands.
[17] The effect of climate characteristics (Table 1 ) on RERCA was investigated by stepwise, ordinary least squares multiple regressions (entry level 0.10). Since the increase in N deposition has been mainly in the second half of the twentieth century, the 50-year RERCA was used in this analysis. Multiple regressions revealed significant relationships between recent C accumulation, climate characteristics, and the N deposition. The 50-year RERCA rates in hollows and hummocks were best predicted from N deposition and growing degree-days above +5°C (r 2 = 0.46 and 0.36, respectively; Figure 3 , Table 4 ). Generally, multicollinearity between climate characteristics was a problem. However, the predictive variables in both regressions were relatively independent (r = 0.44 and r = 0.31, respectively). Overall, the relatively weak relationships between climate variables and C accumulation over the 100 and 150 years were very similar to each other. The 150-year RERCA rates in hollows and hummocks were best predicted from annual total precipitation (negative, r 2 = 0.18 and 0.26, respectively).
[18] Analysis of variance (ANOVA) revealed that RERCA was significantly greater in hummocks than in hollows in N deposition classes 1 and 2 over the last 50, 100, and 150 years. Differences in RERCA within high N deposition class 3, however, were not statistically significant over the last 50, 100, and 150 years. Differences in RERCA between classes of different rates of N deposition were significant. The 50-year RERCA was significantly larger in hollows of the high N deposition class 3 compared to hollows in lower N deposition classes 1 and 2 (p = 0.004 and p = 0.030, respectively). The 100-and 150-year RERCA were significantly larger in hollows of high N deposition class 3 compared to low N deposition class 1 (p = 0.005 and p = 0.007, respectively). In hummocks, the 50-year RERCA was significantly larger in the high N deposition class 3 compared to lower N deposition class 1 ( p = 0.027). The 50-year RERCA was significantly larger in the N deposition class 2 compared to lower N deposition class 1 ( p = 0.012), though differences in 100-and 150-year RERCA were not statistically significant, but the trend was to an increasing RERCA toward the higher N deposition classes (Table 3) .
[19] Assuming that C input into the acrotelm, the upper oxic zone of the peat profile, has been relatively constant during the last 150 years, the hummock and hollow peat layers from 50 to 100 years have lost approximately 38% and peat layers from 100 to 150 years have lost approximately 57% of the original C mass compared to the recent 50-year net C accumulation (Figure 4) . The corresponding C loss values were greater for hummocks (40 and 59%) than hollows (34 and 52%) during the last 100 and 150 years, respectively. There was a uniform relative C mass loss of hollows among different N deposition classes; that is, the remaining total C mass increased consistently toward the highest N deposition class (Figure 4) . A similar trend was seen in hummocks over the last 50 years; however, in older hummocks the differences between N deposition classes were marginal.
Long-Term C Accumulation
[20] The long-term apparent rate of carbon accumulation (LORCA) at 15 sites ranged from 5 to 34 g C m À2 yr
À1
with an average of 19 ± 8 (SD) g C m À2 yr À1 ( Figure 5 , Table 2 ). LORCA values for sites 5 and 13 were exceptionally small (average 5.5 g C m À2 yr À1 ) compared to those of the other study sites (average 20.9 g C m À2 yr
). In site 5 (depth 110 cm), there were several charcoal layers at short intervals between 72 and 88 cm, suggesting that the shallow peat layers had burned often, and in site 13 (depth 150 cm), thick charcoal horizons were found at 50 to 67 cm. No such evidence of peatland fires was found at the other sites. The effect of climate characteristics (Table 1) on LORCA was investigated by stepwise, ordinary least squares multiple regressions. Regression revealed no significant relationships between long-term C accumulation and present-day climate characteristics. Also, differences in LORCA between present-day N deposition classes 1, 2, and 3 were not significant ( p = 0.96). There was a weak relationship between LORCA and RERCA (excluding sites 5, 13 and 19, Pearson's correlation coefficient r = À0.01 À 0.22, p = 0.49 À 0.98) over the last 50-150 years. Overall, the average RERCA:LORCA ratio for peat deposits of 50, 100, and 150 years was 8:1, 6:1, and 5:1, respectively.
Short-Term N Accumulation
[21] The mean N concentration of the samples was 0.82%, ranging from 0.35 to 2.25% with the hollows having a slightly larger average N concentration (0.90%) than the hummocks (0.76%). N concentrations were significantly larger in hollows of the higher N deposition classes 2 and 3 than hollows of low N deposition class 1 ( p = 0.001 and p = 0.001, respectively). In hummocks, N concentrations were significantly larger in the higher N deposition classes 2 and 3 than hummocks of low N deposition class 1 ( p = 0.006 and p = 0.032, respectively).
[22] The recent rate of nitrogen accumulation (RERNA) decreased with time in both hollows and hummocks. Average RERNA rates over the past 50, 100, and 150 years were 1.8, 1.7, and 1.5 g N m À2 yr
À1
, respectively. There were significant differences in RERNA among hollows and hummocks in classes of different rates of N deposition ( Figure 6 ). The 50-year RERNA was significantly larger in hollows of the high N deposition class 3 than the lower N deposition class 1 ( p = 0.004), but differences between N deposition classes 2 and 3 were not statistically significant ( p = 0.090). However, the remaining N mass of peat layers from 100 to 150 years in the high N deposition class 3 was not significantly larger than that in the lower N deposition class 1 ( p = 0.116). In hummocks, 50-year RERNA was significantly larger in higher N deposition classes 2 and 3 than low N deposition class 1 ( p = 0.001 and p = 0.027, respectively). As in hollows, the remaining N mass of hummocks from 100 to 150 years in the high N deposition class 3 was not significantly larger than that in the lower N deposition class 1 ( p = 0.593).
Aboveground Biomass
[23] Aboveground biomass was significantly greater on hummocks (633 g m À2 ) than in hollows (482 g m À2 ) (Table 5 ). Differences within different N deposition classes were evident, with the hummocks and hollows having a similar average Sphagnum capitula biomass within each N deposition class but a significantly greater vascular plant biomass being present on hummocks than in hollows (Table 5 ). The ANOVA did not reveal general, significant differences in the total average aboveground vegetation biomass of hollows and hummocks among N deposition classes. The trend, however, was toward smaller total aboveground biomass in higher N deposition classes (Table 5 ). The only statistically significant difference found was with the smaller total average aboveground biomass on the hummocks of the highest N deposition class 3 compared to the lowest N deposition class 1. The general decrease of the total average aboveground biomass seemed to occur in the plant stem and Sphagnum capitula biomass. However, a significantly larger vascular plant leaf biomass was found both in hollows and hummocks of the highest N deposition class 3 than in classes 1 and 2 (Table 5) . We also used stepwise, ordinary least squares multiple regression to examine if the total average aboveground biomass was related to local climate variables (Table 1) and/or N deposition over the last 50 years. The strongest predictor of aboveground biomass in the hummocks was N deposition (r 2 = 0.41) and in the hollows was total precipitation (r 2 = 0.24). [Urban et al., 1990] ). We excluded eight hummocks because of inconsistencies in 210 Pb-activity throughout the peat cores, which may have resulted from fires or differential Pb deposition through the stems of shrubs, allowing partial wet and dry Pb deposition into deeper peat layers instead of Sphagnum capitula. No other disturbances, such as peat removal, had occurred in the sampling sites. The differences in the 210 Pb-activity of the surface moss layers and total 210 Pb burden in hollows and hummocks suggest that there must be differential deposition and/or post-depositional Pb mobility in some microhabitat types [Damman, 1978; Oldfield et al., 1979; Pakarinen et al., 1983; Urban et al., 1990; Oldfield et al., 1995] . However, several studies have concluded that Pb remains immobile after deposition on a peat surface [e.g., Livett et al., 1979; Mitchell et al., 1992; Appleby et al., 1997; Vile et al., 1999] . In this study, evidence of possible Pb mobility was also found in three hollows that showed exceptionally high 210 Pb-activity in the surface moss layers, suggesting post-depositional mobility from hummock to hollow or from depth to the surface. Mobility of 210 Pb seems to occur in some microhabitats, depending on different depositional, post-depositional, and geochemical conditions, such as distribution patterns of vegetation and regional differences in precipitation and peatland hydrology.
[25] As a check on the 210 Pb method, at Holtrye bog we were able to compare the 210 Pb-dates against a conspicuous charcoal horizon from a 1916 fire as a stratigraphical marker. In 1916, a fire in the Matheson area burned the villages of Kelso, Val Gagne, Porquis Junction, and Iroquois Falls, spreading over 500,000 ha and taking 244 lives (Ontario Ministry of Natural Resources, 2001, available at http://www.mnr.gov.on.ca/MNR/affmb/Fire/Index/About/ Default.htm.). The age difference in hollows and hummocks between the fire and 210 Pb-dating method was 4 and 8 years, respectively. Urban et al. [1990] suggested that hummocks are generally more reliable than hollows for preservation of historical records of atmospheric Pb deposition, and that age resolutions no better than ±10 years may be attained with the 210 Pb-dating technique. Given the possible mobility of Pb, the interpretation of depth-age relationships in peat chronologies via 210 Pb-dating has to be made with caution, and data inconsistencies should be taken into account. However, a good agreement between 210 Pb-dates in peat and other dating methods suggests that the 210 Pb-dating is reliable over the past 200 years where the surface peat is too young for radiocarbon dating [El-Daoushy et al., 1982; Belyea and Warner, 1994; Wieder et al., 1994; Vile et al., 1995; Appleby et al., 1997; Shotyk et al., 1997; Turetsky et al., 2000] .
Carbon Accumulation
[26] The C accumulation rate in eastern Canadian ombrotrophic bogs over the last 150 years ranged from 40 to 117 g C m À2 yr
À1
, with an average of 73 g C m À2 yr
. This is similar to results from Finland (40 to 81 g C m À2 yr À1 ) [Tolonen and Turunen, 1996; Pitkänen et al., 1999] and for boreal Sphagnum dominated peat deposits in North America (31 -93 g C m À2 yr
) [Tolonen et al., 1988; Wieder et al., 1994; Turetsky et al., 2000] . Considerable variation in C mass accumulation was found both among and within peatlands, and differences in 150-year RERCA between hummocks and hollows were reflected in the average vertical height growth rates (of 4.0 and 2.8 mm yr À1 , respectively). The average vertical height growth rates in hummocks and hollows over the last 50 years were even more distinct (8.2 and 4.9 mm yr À1 , respectively). Økland and Ohlson [1998] reported a similar significant difference in vertical height growth between hummocks and hollows over the last 40 years in Scandinavian Sphagnum surface peat. One reason for the RERCA/height growth differences is likely the faster decomposition rate in hollows than hummocks, resulting in larger dry bulk density values. The decomposition rates seem to be largest close to the water table [Belyea, 1996] , and has been attributed to optimum conditions of aeration, water, and nutrient availability. Generally, the mean differences in Sphagnum capitulum biomass between hollows and hummocks were marginal (Table 5) . However, comparisons are complicated because of a general substantial between-year variation in Sphagnum productivity within the same site [e.g., Lindholm and Vasander, 1990] . A significantly larger vascular plant biomass was found in hummocks than in hollows, which may cause variation in the autogenic factors of these microsites such as temperature and evapotranspiration and thus affect the recent C accumulation. There are indications that the fine-scale differences in the hydrology of each peatland may play an important role in the observed variations of the aboveground biomass and the present-day C uptake [e.g., Ohlson and Dahlberg, 1991] .
[27] The results of our study show that the age of the peat column is an important predictor of C accumulation rate (Figures 2 and 5 , Table 3 ). The extensive data of Tolonen and Turunen [1996] also showed that the rate of C accumulation is considerably greater in younger peat deposits and the average net accumulation rate of C decreases with time because slow decay takes place in the anoxic, deeper peat layers [Clymo, 1984; Gorham, 1991; [Tolonen and Turunen, 1996; Turunen et al., 2002] . The upper and lower limits of the range of LORCA in Finnish peatlands are also shown. Turunen, 1996; Clymo et al., 1998 ]. However, the 50-, 100-, and 150-year RERCA of both hollows and hummocks was not related to the age of the basal peat in this study (Tables 2  and 3) ; that is, the recent C accumulation was not less in older bogs than in younger ones. Our sample size, however, is relatively small, with only three bogs having a basal age younger than 4000 years, so the effect of the total peatland age or development stage on recent C accumulation remains uncertain.
[28] We have shown a statistically significant relationship between recent C accumulation, N deposition, and climate variables. The highest RERCA during the last 50 years occurred in the high atmospheric N deposition region, and the reason for this elevated RERCA seemed to be the combination of climate and high N deposition. Contrary to the results of Økland and Ohlson [1998] in Scandinavian surface peat, the among-peatland variations in C accumulation and in peat growth rates in eastern Canada were related to climate variables. Supporting our results, a rather clear relationship between long-term C accumulation and climate characteristics (degree-days and mean annual temperature) has been found for peatland regions in Finland and the mid-Boreal region of Canada [Clymo et al., 1998 ].
[29] The increased C accumulation in ombrotrophic hummocks and hollows may be associated with N as a limiting element in most boreal ecosystems [Malmer, 1990; Aerts et al., 1992] . Wet and dry N deposition, together with N fixation, are the only N sources of ombrotrophic peatland systems [Waughman and Bellamy, 1980; Chapman and Hemond, 1982] . N fixation is probably less on hummocks than in the wetter hollows and may increase with increasing temperature and humidity [Urban and Eisenreich, 1988] . Increased C accumulation can also result from a decrease in decomposition rates. Some studies have indicated an increased accumulation of Sphagnum mosses or humus in forest soils with increased N deposition [Malmer, 1990; Berg and Matzner, 1997; Vitt et al., 2003] . Significant changes in the microbial ecology of the peat profile with increasing N [Gilbert et al., 1998 ] may lead to reduced heterotrophic respiration in the upper most 5 cm of the peat profile [Williams and Silcock, 1997] . The atmospheric wet N deposition in eastern Canada (0.3 -0.8 g N m À2 yr
) is similar to that in Sweden [Aerts et al., 1992] but moderate compared to that in central and western Europe with average levels of 3 -4 g N m À2 yr À1 and up to 8 g N m À2 yr À1 [Houdijk and Roelofs, 1991] . Dry N deposition in eastern Canada is unknown. In areas with high levels of N deposition, many species typical of bogs and poor fens are decreasing in abundance [Greven, 1992; Tyler and Olsson, 1997] . A nutrient imbalance or a toxic effect might occur in Sphagnum growing under high rates of N addition, reflected for instance by increased accumulation of amino acids and iron concentrations [Ferguson et al., 1984; Baxter et al., 1992] or decreased photosynthesis and soluble sugar content [van der Heijden et al., 2000] . Vitt et al. [2003] suggest that the negative impacts of net primary production on S. fuscum begin to occur, on average, as N deposition reaches 1.5-1.6 g N m À2 yr
. The N-deposition values of our study sites are far below the suggested critical N-deposition values. Jauhiainen et al. [1994] reported that the optimal N loading for length growth of Sphagnum fuscum was 1 g N m À2 yr
, and 3 g N m À2 yr À1 for biomass production. This suggests that N loading in our high N deposition region ($0.8 g N m À2 yr À1 plus dry deposition) are close to the optimal N concentrations to stimulate Sphagnum length growth and biomass production. Vitt et al. [2003] found an increase in S. fuscum production with increasing N deposition in Alberta, Canada. However, the production of S. fuscum in continental peatlands may partially be limited by water levels and not nutrients [Thormann and Bayley, 1997; Vitt et al., 2003] . In our study, the aboveground vegetation biomass pattern across the sites did not indicate that the higher rates of recent C accumulation could be the result of higher biomass production. The most probable explanation for the higher C accumulation in peat rates may be the slower decomposition rate of the organic material [Berg and Matzner, 1997] .
[30] The 50-, 100-, and 150-year RERCA of hollows in eastern Canada increased consistently toward the class with the highest growing degree-days above +5°C and the highest N deposition class, but the elevated N deposition has been apparent only for the last 50 years. Therefore the higher remaining C mass in deeper hollow peat layers has to be due to something other than elevated N, that affects higher primary production and/or low decay rates throughout the peat deposits. The C loss pattern supports the conclusion that both the climate characteristics and the elevated N control the recent 50-year C accumulation in hollows. In hummocks, the significantly higher RERCA was evident only over the last 50 years. The differences in remaining C mass of deeper hummock layers were insignificant (Figure 4) . The results of our study suggest that the moderately high N deposition has partly increased the present-day C accumulation both in hollows and hummocks of ombrotrophic peatlands in eastern Canada.
[31] Our results also indicated an inverse relationship between 50-year RERCA and degree-days above +5°C for hollows and hummocks (Figure 3 ). This result may be due to functional difference between microforms and Sphagnum species on ombrotrophic bogs [e.g., Malmer et al., 1994] . The primary production and decay rates of different microforms response to the temperature and the water table fluctuations. The drought and lowered water tables can cause increased oxidation and reduced primary production, resulting in a heavy C loss [Waddington and Roulet, 1996; Carroll and Crill, 1997] , especially in hummocks [Alm et al.,1999] .
[32] The recent (RERCA) rates were strikingly higher than the long-term (LORCA) rates of C accumulation. The LORCA average of 19 g C m À2 yr À1 is similar to many other recently published rates (17 -21 g C m À2 yr À1 ) [Clymo et al., 1998; Vitt et al., 2000; Turunen et al., 2001 Turunen et al., , 2002 (Figure 5 ). Decreased LORCA with increased fire frequency shows that peatland fires (such as at sites 5 and 13) can slow peat accumulation, as individual fires can create C losses of up to 1.5 to 4 kg m À2 [Kuhry, 1994; Pitkänen et al., 1999; Robinson and Moore, 2000] . The results of this study revealed no significant relationships between long-term C accumulation and individual climate characteristics. Also, there was only a weak relationship between LORCA and RERCA. The results indicate that the long-term C accumulation of eastern Canada has depended on a whole range of climatic, edaphic, and autogenic factors (temperature, precipitation, evapotranspiration, topography, substrate and surficial geology, groundwater flow and chemistry, peat fires). Discrimination among individual factors is difficult.
Nitrogen Accumulation
[33] The average RERNA over the past 50 years ranged from 1.4 to 3.2 g N m À2 yr À1 , depending on the microsite and the N deposition area (Figure 6 ). These values are of the same magnitude as the N accumulation rate (2.0 g N m À2 yr À1 ) measured in surface bog peat in southern Sweden [Malmer and Holm, 1984] , with similar wet N deposition rates to eastern Canada [Aerts et al., 1992] . We found that the N accumulation of peat seemed to increase during the last 50 years compared to the average values for the last 150-year period (1.1 -2.5 g N m À2 yr
À1
). Also, when comparing the remaining N mass of hummocks and hollows from 100 to 150 years, significant differences were not found between the high and low N deposition classes.
[34] Woodin and Lee [1987] and Aerts et al. [1992] showed that at high rates of N deposition the Sphagnum is unable to retain the entire N deposited on it, and a substantial amount of N leaches through the surface peat layers. This surplus N may be taken up by vascular plants or by microorganisms and be a partial cause of the larger vascular plant leaf biomass we found in the highest N deposition region and/or decomposition and mineralization rates of the peat [e.g., Malmer, 1990] . Our data showed that the N concentrations in deeper peat layers increased consistently toward the highest N deposition class. However, it is normal that the highest N concentrations are found in samples with more decomposed peat and thus higher dry bulk density [Malmer and Holm, 1984] , and therefore it is difficult to distinguish the possible increase of N in deeper peat layers because of leaching.
[35] In summary, we have determined rates of C accumulation over the past 50 to 150 years in ombrotrophic bogs across eastern Canada, and compare them to the millennial rates. We have shown that the recent rates are correlated with environmental properties, such as climate and atmospheric N deposition between 1990 and 1996. We suggest that increased N deposition leads to larger rates of C and N accumulation in the bogs, as has been found in European forests [Kauppi et al., 1992; Berg and Matzner, 1997] , and could account for some of the missing C sink in the global C budget. It is possible that fertilization responses, in particular to N, play a significant role in moderate and high anthropogenic deposition areas of North American and European peatlands. In the long term, both the positive and negative impacts for net primary production of Sphagnum species depend on the critical N-deposition loads as suggested by Vitt et al. [2003] . However, there are uncertainties associated with covarying properties. These uncertainties include the influence of climate, such as precipitation, temperature, and pollutant emissions, on rates of plant production and decomposition, disturbances such as fire, and pre-1990 rates of atmospheric N deposition.
